Using the magnetic fiel and plasma wave data obtained by the Combined Release and Radiation Effects Satellite (CRRES), we search for enhancements of O + ion density in the deep inner magnetosphere known as "the oxygen torus". We examine 4 events on the dayside in which toroidal standing Alfvén waves appear clearly. From the frequency of the toroidal waves, the magnetospheric local mass density (ρ L ) is estimated by solving the MHD wave equation for realistic models of the magnetic fiel and the fiel line mass distribution. We also estimate the local electron number density (n eL ) from the plasma wave spectrograms by identifying narrow-band emission at the upper-hybrid resonance frequency. Assuming the quasi-neutral condition of plasma, we infer the local average ion mass (M L ) by ρ L /n eL . It is found that M L is approximately 3 amu in the plasma trough, while it shows an enhancement of >7 amu at L∼4.5-6.5 that is close to the plasmapause at L∼3.5-6.0. This indicates an existence of the oxygen torus in the vicinity of the plasmapause. The oxygen torus is found preferentially during the storm recovery phase. We interpret that these features of the oxygen torus (i.e., close relations with the plasmapause and the storm recovery phase) reflec its generation mechanism; that is, the ionospheric temperature is enhanced by heat conduction from high altitudes in the limited L range where the plasmasphere, because of its inflatio during the recovery phase, encounters the ring current, and then the ionosphere has a larger scale height and supplies O + ions to the inner magnetosphere, resulting in the oxygen torus. We also discuss the contribution of the oxygen torus to the formation of the O + -rich ring current. It is proposed that the O + -rich ring current is formed in a recurrent process, in which the oxygen torus, the plasmasphere, and the ring current interact with each other.
Introduction
The plasmaspheric ion composition is an important issue in terrestrial plasma environment and has been studied by using the retarding ion mass spectrometer (RIMS) instrument on board the Dynamic Explorer (DE) -1 satellite, which was capable of measuring the pitch angle and energy spectral characteristics of ions in a mass range of 1-32 amu and in an energy range of 0-45 eV [Chappell, 1982] . After the DE-1 satellite was launched into a polar orbit, with an apogee of 4.6 R E geocentric altitude in August 1981 [Hoffman, 1988] , the RIMS instrument collected thermal plasma data in the plasmasphere and the inner magnetosphere from 1981 to 1989. Chappell [1982] firs reported a difference in the radial flu distribution between light ions (H + and He + ) and heavy ions (O + and O 2+ ); that is, these ions are all present in the plasmasphere, but O + and O 2+ are located at higher L-shells than H + and He + . O + and O 2+ flu es are even enhanced outside of the plasmapause that is determined by the H + and He + radial profile Chappell concluded the existence of a torus of O + and O 2+ ions in the outer plasmasphere. This "oxygen torus" has been identifie in subsequent studies using the DE-1/RIMS data [Horwitz et al., 1984 [Horwitz et al., , 1986 Roberts et al., 1987; Comfort et al., 1988] . Horwitz et al. [1984 Horwitz et al. [ , 1986 showed that the O + and O 2+ densities become comparable to or exceeds the H + density at L=3-4. A statistical analysis of the oxygen torus (identifie by O + and O 2+ ions) was made by Roberts et al. [1987] , who found that (1) the oxygen torus is observed just inside the plasmasphere at all local time with higher occurrence frequency in the late evening and morning sectors, (2) it is identifie on ∼50% of orbits, (3) its occurrence frequency does not depend on the Kp index and is still fairly high even in the low Kp case (Kp=0-2+), and (4) a density peak of the oxygen torus generally shifts toward lower L shell with increasing geomagnetic activity. Comfort et al. [1988] also performed a statistical study and showed an enhancement of O + and O 2+ ions in the outer plasmasphere (L=3-5). These studies substantiate an enhanced population of thermal O + and O 2+ ions at L=3-5 (i.e., the oxygen torus) in both quiet and disturbed times. Even coexistence of N + ions within the oxygen torus is noted by Horwitz et al. [1986] and Roberts et al. [1987] .
A recent study by Nosé et al. [2010] casts a new light on the oxygen torus in terms of the possibility that it plays an important role in generation of an O + -rich ring current. They found that magnetic fiel dipolarization in the deep inner magnetosphere (L=3.5-5.0) is not unusual. Magnetic fiel dipolarization was accompanied by magnetic fiel fluctuation having a characteristic timescale of 3-5 s, which is comparable to the local gyroperiod of O + ions. After dipolarization, the energetic neutral atom (ENA) flu of oxygen in the nightside ring current region was suddenly enhanced by a factor of 2-5 and stayed at an enhanced level for more than one hour, while a clear enhancement was scarcely seen in the hydrogen ENA flux On the basis of these observational results, Nosé et al. [2010] proposed a new scenario for the generation of an O + -rich ring current, in which the thermal O + ions preexisting in the oxygen torus are locally and nonadiabatically accelerated by fluctuation associated with dipolarization in the deep inner magnetosphere (L=3.5-5.0). Therefore a more detailed investigation of the oxygen torus may give a clue to understand the long-time, unresolved problem regarding the dynamics of ions of ionospheric origin in the ring current region [e.g., Kamide et al., 1997; Daglis and Kozyra, 2002; Daglis, 2006] .
Unfortunately, since the termination of the DE-1/RIMS operation ∼20 years ago, there have been no direct measurements of the oxygen torus, because of the difficult in measuring thermal ion flu with mass and charge state information. The present study intends to detect the oxygen torus with an indirect method using the magnetic fiel data and the plasma wave data obtained by the Combined Release and Radiation Effects Satellite (CRRES). We estimate the magnetospheric local mass density (ρ L ) from the frequency of the toroidal standing Alfvén waves. The local electron number density (n eL ) is derived from the plasma wave spectra. Combining these two quantities makes it possible to infer the local average ion mass (M L ∼ρ L /n eL ). Such indirect method of analysis has been adopted by previous studies. Denton et al. [2004] and Takahashi et al. [2004 Takahashi et al. [ , 2008 analyzed the same data set from the CRRES satellite. They inferred a concentration of heavy ions at the magnetic equator and an enhancement of the average ion mass between the plasmapause and the plasma plume. From measurements of the standing wave frequency using ground magnetic fiel data, the equatorial plasma mass density has been also indirectly estimated by Fraser et al. [2005] , Grew et al. [2007] , Maeda et al. [2009], and Obana et al. [2010] . In these studies, to estimate the average ion mass, the electron number density was determined from the plasma waves in space [Fraser et al., 2005; Maeda et al., 2009] or the VLF whistler waves on the ground [Grew et al., 2007; Obana et al., 2010] .
The organization of this paper is as follows. In section 2, we describe the instrumentation and data set. In section 3, magnetic fiel data from the CRRES satellite are presented. We perform a frequency analysis of 4 toroidal standing Alfvén wave events. In section 4, a methodology to estimate plasma mass density from the toroidal wave frequency is explained and results of the estimates for the 4 events are shown. In section 5, we obtain the electron number density from the plasma wave spectrograms. Combining the results of the plasma mass density and the electron number density, we estimate the average plasma mass and fin the oxygen torus near the plasmapause. In section 6, we will compare the present results with those by DE-1/RIMS in terms of the radial and MLT distributions, the ion composition, and the dependence on geomagnetic condition. A generation mechanism for the oxygen torus and its role in the O + -rich ring current formation will be discussed. Section 7 provides conclusions of this paper.
Instrumentation and Data Set

CRRES Satellite
The CRRES satellite was launched on 25 July 1990 into an elliptical orbit having initially a perigee of 1.05 R E , an apogee of 6.27 R E , an inclination of 18 • , and an orbital period of 9.9 h. The satellite spun at a rate of 2.0 rpm and its spin axis was lying in the ecliptic plane with pointing 5 • -15 • ahead of the Sun's apparent motion. The apogee was firs placed around 0800 magnetic local time (MLT) and rotated toward the earlier local time with an apsidal precession of ∼0.7 • /day. The operation ended in October 1991. An overview of the CRRES mission is described by the work by Johnson and Kierein [1992] .
Magnetic Field
The CRRES satellite carried a triaxial flux ate magnetometer, which was mounted at the end of a 6.1-m boom to reduce any satellite-generated magnetic fiel [Singer et al., 1992] . The magnetic fiel was measured with a sampling rate of ∼16 Hz and was operated with two observation modes; the dynamic range and resolution of each mode are ±45,000 nT and 22 nT (low-gain mode), and ±850 nT and 0.43 nT (high-gain mode). The high gain mode was switched on beyond the radial distance of about 3.5 R E .
In this study we use 2-s average magnetic fiel data that are made from the high gain mode data. We subtract the tenthgeneration International Geomagnetic Reference Field (IGRF) model from the 2-s average data, and create data file that contain the magnetic fiel deviation from the model. Data in these file are ∆B V , ∆B D , and ∆B H in Vehicle-Dipole-Horizon (VDH) coordinates, where H is antiparallel to the dipole axis, V points radially outward and is parallel to the magnetic equator, and D is eastward and completes a right-handed orthogonal system.
Electron Number Density
The local electron number density (n eL ) is estimated from plasma wave data that are obtained by the plasma wave experiment onboard the CRRES satellite. The plasma wave experiment provides measurements of electric field from a 14-channel spectrum analyzer covering the frequency range of 5.6 Hz to 10 kHz and a 128-step sweep frequency receiver covering the frequency range of 10 kHz to 400 kHz . The sweep frequency receiver has four frequency bands with 32 steps per band: Band 1 (100 Hz-800 Hz), Band 2 (800 Hz-6.4 kHz), Band 3 (6.4 kHz-50 kHz), and Band 4 (50-400 kHz). These frequency bands produce one spectrum at every 32 s, 16 s, 8 s, and 8 s, respectively.
Scanning plasma wave spectrograms for the electric field we identifie narrow-band emission at the upper hybrid resonance frequency ( f UHR ), which is given by
where f pe is the plasma frequency, f ce is the electron cyclotron frequency, e is the electron charge, ε 0 is the vacuum permittivity, m e is the electron mass, and B is the magnetic fiel intensity. Once f UHR is determined from the spectrogram, n eL can be calculated from equation (1) with a value of B measured by the flux ate magnetometer [LeDocq et al., 1994] . Since the emission at f UHR usually appeared in Band 3 and 4, this procedure was done every 8 s.
Observations
We examine 4 events of toroidal ULF waves, all of which are found in 3.5-hour CRRES orbit segments. These 4 events are selected as typical examples of successful detection of the oxygen torus by the present indirect method. First, we will show 2 events appeared near local noon. Then, a duskside event and a dawnside event will be displayed. MLT is not considered in selection of events, but no events are found on the nightside. We also do not consider geomagnetic condition in the event selection; nevertheless, these 4 events are found during the storm recovery phase, as shown later. Discussion about the MLT preference and the geomagnetic storm dependence will be given in section 6.1. Figure 1 shows the orbit segments of these events in the XY plane in solar magnetospheric (SM) coordinates. In event 1 (27 August 1991, Orbit 961) and event 2 (11 September 1991, Orbit 996), CRRES moved from local noon to the afternoon sector. In event 3 (24 July 1991, Orbit 881), CRRES moved from the afternoon sector towards the dusk sector. Event 4 (29 August 1990, Orbit 84) was found in the dawn sector.
Event 1: 27 August 1991 (Orbit 961)
The top panel of Figure 2 shows the magnetic fiel variations in the D component (∆B D ) for 1130-1500 UT on 27 August 1991 (Event 1). ∆B D is low-pass filtere with a cutoff period of 30 s. In this event, the CRRES satellite was on Orbit 961 and traversed from L=4.0 to L=6.6 in the early afternoon sector (MLT=11.9-15.1 h). In the inner magnetosphere around L=4. 0-5.0 (1140 0-5.0 ( -1210 , a toroidal wave is clearly identifie with a period (T ) of ∼4 min. When the satellite moves toward outer magnetosphere, there are still toroidal waves having T ∼4 min, but shorter-period waves become apparent.
X -3
In order to examine frequency changes of the toroidal waves, we create a dynamic power spectrum as shown in the bottom panel of Figure 2 . The power spectra are calculated by applying fast Fourier transformation to time series of ∆B D in a moving 1024-s (i.e., 512 data points) time window that is shifted by 256 s (i.e., 128 data points) in successive steps. From this panel, we can fin that toroidal waves with the frequency of 4-5 mHz are prevailing during the 3.5-h interval. The shorter-period waves stated above are recognized by power enhancements lying from ∼23 mHz around 1300 UT to ∼18 mHz around 1430 UT. We interpret that these two kinds of toroidal waves are the fundamental and 3rd harmonics of the standing Alfvén waves, because the CRRES satellite was located off the equatorial plane (geomagnetic latitude (GMLAT) of -10 • to -16 • ), where the odd-mode standing waves have a larger amplitude in magnetic fiel oscillations than near the equatorial plane [e.g., Takahashi and Anderson, 1992] . Since the fundamental mode oscillation has larger power and appears rather continuously, we use its peak frequency to infer plasma mass density. The peak frequency of the fundamental mode ( f 1 ) is firs selected with the following criteria: (1) 
, and (2) P( f 1 )≥10 0.5 nT 2 /Hz, where P( f ) is the wave power at frequency f , and ∆ f is an increment of frequency, being 0.98 mHz (=1/1024 Hz) in this case. This is followed by a visual comparison of the f 1 values and the dynamic power spectrum to reject values that do not match the fundamental harmonic line seen in the dynamic power spectrum. The f 1 samples that passed these steps are plotted with open circles over the dynamic power spectrum. In a later section (section 4), the plasma mass density will be estimated from these selected f 1 values.
Event 2: 11 September 1991 (Orbit 996)
Figure 3 displays ∆B D and its dynamic power spectrum of event 2 in the same format as Figure 2 . This event was found during 1200-1530 UT on 11 September 1991. The CRRES satellite was on Orbit 996 and moved from L=3.3 to L=6.4 in local noon and the early afternoon (MLT=10.9-14.4 h). The top panel of Figure 3 shows pronounced wave activity for most of the interval. The wave period is about 2 min from 1200 UT to 1230 UT, while it becomes longer, ∼4 min, around 1240-1255 UT. After 1300 UT, shorter period components are superimposed on the long period wave. These features can be seen more clearly in the dynamic power spectrum. There are two frequency bands which decreases from ∼8 mHz to ∼3 mHz and from ∼25 mHz to ∼15 mHz as the satellite moves towards the outer magnetosphere. Since the satellite was off the equator, these bands are considered to be the fundamental and the 3rd harmonics of the standing Alfvén waves. In the same way as done in event 1, we determine f 1 that are indicated over the dynamic power spectrum with open circles. We note that the wave observed around 1240-1255 UT has lower frequency than those observed in adjacent time intervals (i.e., 1225-1240 UT and 1255-1310 UT). Figure 4 shows ∆B D and its dynamic power spectrum of event 3. In this event, the CRRES satellite was on Orbit 881 and moved from L=5.1 to L=7.7 on the late afternoon sector (MLT=14.6-17.0 h) during 0330-0700 UT on 24 July 1991. ∆B D in the top panel indicates that a rather monotonic wave with T ∼5 min appeared for the whole time interval, although amplitude becomes larger after 0500 UT. The dynamic power spectrum in the bottom panel confirm the monotonic toroidal waves around 3-4 mHz. It should be noted that in the innermost range of L=5.1-6.5 (i.e., during 0330-0430 UT), the wave frequency becomes lower when the satellite is located closer to the Earth. Figure 5 shows ∆B D and its dynamic power spectrum of event 4 for 0930-1300 UT on 29 August 1990, in which the CRRES satellite was on Orbit 84 and passed through L=3.9-7.5 on the dawn side (MLT=3.6-6.4 h). We can see that toroidal waves of T ∼4 min appeared in ∆B D from 1000 UT to 1300 UT. The amplitude of the waves suddenly enhanced around 1123 UT. There were no hightime resolution solar wind data on this day, but we believe that this enhancement was caused by an increase of the solar wind dynamic pressure, because the SYM-H index increased by ∼20 nT at the same time (not shown here). From the dynamic power spectrum in the bottom panel we fin the toroidal waves were rather monotonic around 4 mHz. However, we also note that in the L range of 4.9-6.3 (i.e., 1005-1100 UT), the frequency is lower at lower L.
Event 3: 24 July 1991 (Orbit 881)
Event 4: 29 August 1990 (Orbit 84)
Estimation of Plasma Mass Density
Methodology
It is possible to estimate the magnetospheric local mass density (ρ L ) from the frequency of the fundamental mode of the toroidal standing Alfvén waves ( f 1 ). With the time of fligh approximation, f 1 is given by
where a variable s represents the distance from the ground in the northern hemisphere along the magnetic fiel line, V A is the Alfvén wave velocity, µ 0 is the vacuum permeability, ρ is the mass density. The integral is computed from the northern ionosphere (s 1 ) to the southern ionosphere (s 2 ). The distribution of the mass density along the magnetic fiel line, ρ(s), can be modeled by a power law form [e.g., Takahashi and Anderson, 1992; Denton et al., 2002 ]:
where ρ eq is the equatorial mass density, r is the geocentric distance to the fiel line, and α is the power law index. Note that r can be expressed as a function of s, that is, r=r(s), because equation (3) is applied to a fiel line specifie by r=LR E at the equator. With substitution of equation (3) into equation (2), f 1 is found to be inversely proportional to √ ρ eq , that is, f 1 ∝1/ √ ρ eq . Choosing an appropriate geomagnetic fiel model, we can numerically integrate equation (2) and fin ρ eq that gives the observed f 1 . Then this ρ eq is converted to ρ L by using equation (3).
However, when the wave length becomes comparable to the length of the magnetic fiel line, the above approximation is invalid. In this case, we need to solve the MHD wave equations. Singer et al. [1981] wrote the decoupled transverse MHD wave equation including a general magnetic fiel geometry in the following form:
where ξ is the displacement of the magnetic fiel line, and h is a factor describing separation between two adjacent fil lines (it becomes smaller as being far from the equator). The equation looks complicated, but a background concept is similar to that in equation (2); for instance, the inverse proportion between f 1 and √ ρ eq is still held in equation (4). The task is to numerically solve equation (4) with insertion of equation (3) and to fin ρ eq that satisfie ξ (s 1 )=ξ (s 2 )=0 and ξ (s 1 <s<s 2 )̸ =0 for the observed f 1 . Once ρ eq is obtained, we can calculate ρ L from equation (3).
ρ L of Events 1-4
In calculating ρ L from f 1 for events 1-4, we take s 1 and s 2 to be the ionospheric height of 200 km for both hemispheres. For the magnetic field we adopt the Tsyganenko 1989c (T89c) model [Tsyganenko, 1989] . The T89c model requires the Kp index as an input parameter and we use the Kp value at the beginning of the 3.5-h interval for each event. The power law index in equation (3) is taken to be α=0.5, because recent studies reported α=0.2-0.9 at L=3.5-5.5 [Denton et al., 2002] and α∼0.5 at L=4-6 .
Four panels in the top row of Figure 6 , from left to right, display the f 1 values of events 1-4 that are determined in Figures 2-5. Following the method described above, we estimate ρ L from f 1 and the results are shown in the second row of Figure 6 . Error bars indicate the range of ρ L when the f 1 values have a determination error of ∆ f ; that is, f 1 ranges from
ρ L was decreasing generally as the CRRES satellite moves far from the Earth. We also notice that small deviations of ρ L from the general decreasing trend are anticorrelated with those of f 1 , as expected from the inverse proportion between them found in equation (4).
Estimation of Average Plasma Mass
Methodology
We obtain the local electron number density (n eL ) from the plasma wave spectrograms by identifying the narrow-band emission at f UHR . From the quasi-neutrality of plasma, we assume that the local ion number density summed over the ith singly-charged ion species (∑ i n iL ) is nearly equal to n eL (i.e., ∑ i n iL ∼n eL ). Letting m i be the mass of the ith singly-charged ion species and M L be the local average plasma mass, we can express ρ L by
(5) Therefore we can infer M L by ρ L /n eL .
M L of Events 1-4
The third row of Figure 6 displays n eL derived from the plasma wave spectrograms for events 1-4. At the beginning of plots, n eL is larger than 10 3 cm −3 , indicating that the CRRES satellite was in the plasmasphere. Then n eL shows a steeper decrease in a limited UT range than in other UT range; that is, around 1200 UT in event 1, during 1200-1230 UT in event 2, and around 0240 UT in event 3. This is due to a plasmapause crossing by the CRRES satellite. In event 4, n eL shows disturbances between ∼3 cm −3 and ∼30 cm −3 for 1020-1050 UT, which are considered as a result of multiple crossings of the plasmapause by CRRES. After passing through the plasmapause, n eL is in the order of 10 cm −3 or less, suggesting the plasma trough.
Following equation (5), we calculate M L from the data shown in the panels in the second (ρ L ) and the third (n eL ) rows, and show the results in the bottom row. In all of the events, the plasma trough has M L ∼2-5 amu, which is consistent with a statistical result of M L ∼3 amu by Takahashi et al. [2006] . It is noticed that M L is enhanced to 7-8 amu in events 1 and 2. These enhancements occur just around when CRRES traversed the plasmapause. Event 3 shows M L enhancement of 15-18 amu at 0330-0350 UT. Although we have no information of M L before 0330 UT, it may be possible that the enhancement is spread down to near the plasmapause. In event 4, M L is enhanced to 15-17 amu at 1005-1025 UT and to 7 amu around 1110 UT. These M L enhancements appear just inside and outside of the plasmapause. The large value of M L >7 amu suggests that plasma contains heavy ions such as O + (m O + =16 amu) in addition to H + (m H + =1 amu) and He + (m He + =4 amu). For instance, the average mass of plasma with 50% H + and 50% O + is 8.5 amu. If we consider a contribution from He + with the He + /H + density ratio of ∼0.2 [Comfort et al., 1988; Newberry et al., 1989] , plasma with 45% H + , 10% He + , and 45% O + gives M L ∼8 amu. (We found M L being more than 16 amu in some data points of events 3 and 4, that is, the flanksid events, which is unreasonable from the viewpoint of magnetospheric plasma. It is supposed that the mass density distribution model of equation (3) and/or the magnetic fiel model may not describe the actual conditions properly for these data points. The reason for this supposition is because Takahashi and Denton [2007] reported a local peak of ρ at the geomagnetic equator in the late afternoon sector, which can not be expressed by equation (3), and the actual geomagnetic fiel on the flankside is stretched tailward and possibly deviated from the model field Even so, we presume these data points indicate that the plasma is heavily loaded by O + ions.) Therefore it is concluded that these 4 events showed enhancements of O + ion density near the plasmapause.
In order to examine locations of the plasmapause and the O + density enhancement in the inner magnetosphere, we redraw the n eL and M L data as a function of the L-value, as shown in Figure 7 . The plasmapause is visually identifie as stated in the beginning of this section, and is located at L=4.6-5.0 (event 1), L=3.5-4.3 (event 2), L=3.4-3.6 (event 3), and L=5.4-6.1 (event 4). The O + density enhancement is located at L∼5.0-5.2 (event 1), L∼4.5-4.8 (event 2), L≤5.6 (event 3), and L∼5.0-6.5 (event 4). Existence of the O + density enhancement in the limited L range indicates the formation of an oxygen torus. Comparing the L-values between the plasmapause and the oxygen torus, we fin that the oxygen torus is placed just outside the plasmapause (events 1 and 2), extends outside the plasmapause (event 3), and coexists with the plasmapause (event 4).
Discussion
Comparison with DE-1/RIMS Results
The oxygen torus was firs reported by Chappell [1982] , and then investigated in subsequent studies of Horwitz et al. [1984 Horwitz et al. [ , 1986 , Roberts et al. [1987] , and Comfort et al. [1988] . All of these previous studies utilized the DE-1/RIMS data. We will compare our results about the oxygen torus obtained by the indirect method with those obtained by ion flu measurements of DE-1/RIMS.
Radial and MLT Distribution
Previous studies employing DE-1/RIMS data reported that the oxygen torus is found at L=3.7-5.0 [Chappell, 1982] , at L=3.0-4.0 [Horwitz et al., 1984 [Horwitz et al., , 1986 , at L∼3-5 with an average of just inside L=4 [Roberts et al., 1987] , and at L∼4 [Comfort et al., 1988] . Chappell [1982] and Horwitz et al. [1984] further reported that the oxygen torus is located in the vicinity of or outside the plasmapause that was identifie by H + density. In this study we found the oxygen torus at L=4. 5-5.6 , which is larger than the DE-1 results (L=3.0-5.0). However, this difference is not significan since the relative locations to the plasmapause are the same for both results (i.e., in the vicinity of the plasmapause). Therefore we believe that a radial distribution of the oxygen torus detected by the indirect method is consistent with those by the direct measurement of DE-1/RIMS.
According to Roberts et al. [1987] , the O + density enhancements are observable in all local time zones. The occurrence frequency is 70% or higher in the late evening hours (2000-2400 UT) and in the early morning hours (0500-0900 MLT). In this study, the oxygen torus is found in local noon or on the early afternoon sector (events 1 and 2), on the late afternoon sector (event 3), and on the dawn side (event 4), which cover the dayside hemisphere. Unfortunately, no events are found in the nightside hemisphere. We suggest that this is not because no oxygen torus is formed, but because toroidal standing Alfvén waves are scarcely excited by low ionospheric conductivity as well as a large separation from the dayside energy sources [e.g., Anderson et al., 1990; Chi et al., 2005] . For the oxygen torus on the sunlit hemisphere, at least, we can conclude that the distribution is consistent with the DE-1/RIMS result.
Ion Composition
Horwitz et al. [1984] revealed that the O + density reaches ∼100 cm −3 and can become comparable to the H + density in the oxygen torus; that is, the O + /H + density ratio (n O+ /n H+ ) becomes ∼1.0. These features are also recognized in Figures 3b and 3c of Horwitz et al. [1986] and in Figures 3 and 5 of Roberts et al. [1987] . From these observations we can calculate as M L =8.5 amu for n O+ /n H+ =1.0. This value of M L is in agreement with the present result of M L >7 amu.
Dependence on Geomagnetic Condition
Roberts et al. [1987] found that an occurrence frequency of the oxygen torus does not depend on the Kp index and is still fairly high (40-70%) even in quiet period (Kp=0-2+). We note that the Kp index at the beginning of events 1-4 is 2•, 4+, 4−, and 2−, respectively, indicating rather moderate geomagnetic condition. This result seems to represent no clear dependence of occurrence probability on geomagnetic condition, being consistent with the results by Roberts et al. [1987] .
In order to examine storm phases during the 4 events, we plotted the Dst index in Figure 8 . A closed circle at the bottom of each panel indicates the 3.5-h interval of each event. We see that events 1, 3, and 4 are found during the late recovery phase or at the end of magnetic storms. Although event 2 occurred during the main phase of a small magnetic storm having a Dst peak value of -41 nT, it is included in the recovery phase of a larger magnetic storm during the interval 9-13 September 1991. This investigation leads us to surmise that the oxygen torus favorably occurs during the storm recovery phase. However, it should be kept in mind that the investigation is based on case studies of only 4 events and does not provide very strong support for the notion. The storm phase dependence will be reexamined in a future statistical study. Roberts et al. [1987] found that the location of the O + density enhancement peak is dependent to the Dst index and is define by
In the present 4 events, the Dst values at the beginning of the 3.5-hour interval are -17 nT, -41 nT, -18 nT, and -4 nT, respectively. Insertion of these values into the equation (6) leads to estimation of the O + density peaks at L peak <5.9, L peak <4.3, L peak <5.8, and L peak <6.7. From Figure 7 , we identify the O + density peaks at L=5. 2-5.6, L=4.7, L<5.4, and L=5.4 , for events 1-4. All but event 2 agree with the estimation by equation (6). For event 2, the discrepancy of the peak L values is as small as ∼0.4. Therefore we consider that our observational results are generally consistent with those by Roberts et al. [1987] in terms of the Dst dependence of the L shell of the O + density enhancement peak.
Generation Mechanism of Oxygen Torus
The key features of the oxygen torus in considering its generation mechanism are that (1) it is found near the plasmapause; (2) it is observable in all local time zones with higher occurrence frequencies in the late evening and early morning hours; and (3) it may be likely to occur during the storm recovery phase. (The third feature is based on the discussion in section 6.1.3; thus it is still a working assumption.) It is well known that the plasmasphere expands during the storm recovery phase [e.g., Taylor et al., 1968; Chappell et al., 1970] . This expansion is predicted to occur in all local times by plasmapause models [Carpenter and Anderson, 1992; Gallagher et al., 2000; Moldwin et al., 2002] . Therefore generation of the oxygen torus may be related to the expansion of the plasmasphere.
During the storm main phase, the westward ring current fl ws predominantly from the nightside to the duskside and is axially asymmetric, but it gradually becomes more symmetric during the storm recovery phase [e.g., Nakabe et al., 1997; Terada et al., 1998; Mitchell et al., 2001; C:son Brandt et al., 2002] . A main portion of the westward current is found at L∼4-7 [e.g., McEntire et al., 1985; Lui et al., 1987; Le et al., 2004] . According to satellite observations (OGO 5, ISEE 1, and CRRES), the plasmapause shifts to lower L shells (L∼3-4) during disturbed periods, while it moves to L=5-6 during quiet periods [Chappell et al., 1970; Carpenter and Anderson, 1992; Moldwin et al., 2002] . Thus the plasmapause encounters the symmetric ring current around L=4-6 after the main phase of the magnetic storms. Interaction between energetic ring current ions and cold plasma was discussed by Cole [1965] and Cornwall et al. [1971] . Cole [1965] proposed Coulomb collision as an energy transfer process from ring current protons to thermal plasmaspheric electrons. According to Cornwall et al. [1971] , when the cold plasma density is on the order of 100 cm −3 or higher, ring current protons with 10-50 keV energies become unstable and generate intense ion cyclotron wave turbulence. Then the ion cyclotron wave is absorbed by plasmaspheric thermal electrons through the Landau resonance interaction. A review on the energy transfer from ring current ions to thermal plasma (including both electrons and ions) is given by Comfort [1996] . Whichever of these processes is dominant, plasmaspheric thermal electrons are heated. The resultant heat is conducted down to the underlying ionosphere and raises the temperatures of ionospheric ions and electrons. This results in increases of the scale height of ionospheric plasma. Since the scale height of O + ions is normally much smaller than H + ions, even a small rise in scale height affects density changes at the topside ionosphere more strongly for O + ions than for H + ions [Yau et al., 1985; Nosé et al., 2009] . This causes a large number of O + ions to diffuse into the high altitude and form the oxygen torus in the limited L-shell where the ring current and the plasmasphere coexist.
The above mechanism has been proposed by Horwitz et al. [1986] , who found that the plasmaspheric enhancement of O + ions is often closely aligned with distinct and isolated electron temperature enhancement above the ionospheric altitude. Horwitz et al. [1990] also reported the similar result, that is, the latitudinal correspondence between the O + density enhancement in the inner magnetosphere and the ionospheric electron temperature enhancement. Roberts et al. [1987] discussed that observed characteristics of the oxygen torus support this mechanism. We think that the aforementioned three key features of the oxygen torus are consistent with what is expected from this mechanism.
Oxygen Torus as Possible Source of O + -rich Ring Current
Outline of Previous Studies on O + -rich Ring Current
It has been reported that the ion composition of the ring current changes drastically during magnetic storms. Using the energetic (1-300 keV) ion flu data obtained by the AMPTE/CCE satellite, Gloeckler et al. [1985] , Krimigis et al. [1985] , Hamilton et al. [1988] , and Feldstein et al. [2000] revealed that the O + /H + energy density ratio changes from 0.01-0.03 (quiet times) to 0.3-0.6 (storm times) in the outer ring current region of L=5-7. Greenspan and Hamilton [2002] made a statistical analysis of the AMPTE/CCE data and found the O + /H + energy density ratio at L=2-7 to be ∼0.3 during magnetic storms. From analysis of the energetic (50-430 keV) ion flu measured by the CRRES satellite, Roeder et al. [1996] , Daglis [1997] , and Daglis et al. [2000] found that the O + /H + energy density ratio changes from 0.1-0.3 (quiet times) to 0.3-3.0 (storm times) at L=3-7. Nosé et al. [2005] estimated that the O + /H + energy density ratio in the ring current was as large as 10-20 for the October 2003 superstorm.
Some scenarios have been proposed to explain this strong enhancement of O + energy density in the ring current. The scenarios include (1) direct transport of O + ions from the ionosphere to the ring current [e.g., Daglis et al., 1994; Gazey et al., 1996] ; (2) transport of O + ions, following the path from the ionosphere, to the magnetic lobe, to the near-Earth plasma sheet, followed by adiabatic transport into the ring current and betatron acceleration [e.g., Lui et al., 1986; Lui, 1993] ; and (3) transport of O + ions, following the path from the ionosphere, to the magnetic lobe, to the near-Earth plasma sheet, followed by nonadiabatic transport and acceleration by an inductive electric fiel resulting from the magnetic fiel dipolarization [e.g., Delcourt et al., 1990; Sánchez et al., 1993; Mitchell et al., 2003; Ohtani et al., 2005] . However, it is not yet elucidated as to what scenario is responsible for the formation of O + -rich ring current.
Recently, Nosé et al. [2010] studied magnetic fiel reconfigu ration and associated ion acceleration in the deep inner magnetosphere, using the MDS-1 and IMAGE satellites. It was found that dipolarization occurs even in the range L=3.5-5.0 during the storm main phases and is accompanied by magnetic fiel fluctuation with a characteristic time scale comparable to the local O + gyroperiod. After dipolarization, the oxygen ENA flu in the nightside ring current region greatly increased by a factor of 2-5, whereas the hydrogen ENA flu in the same region showed insignifican enhancement. The oxygen ENA flu was maintained at an enhanced level for more than one hour. From these observational results, Nosé et al. [2010] proposed a new scenario for the generation of the O + -rich ring current, in which the preexisting thermal O + ions in the oxygen torus experience local and nonadiabatic acceleration by magnetic fiel fluctuation that accompany dipolarization in the deep inner magnetosphere (L=3.5-5.0) and contribute to the O + -rich ring current formation.
Recurrent Process of O + -rich Ring Current Formation
On the basis of the new scenario by Nosé et al. [2010] and the present results, we propose a recurrent process of the O + -rich ring current formation, as shown schematically in Figure 9 . At a starting point, the oxygen torus is placed close to the plasmapause during the late recovery phase, as we found in events 1-4 (Figure 9a) . The torus will remain there in quiet times after a storm ends. When the interplanetary magnetic fiel turns southward, often with increased solar wind speed, a magnetic storm starts. During the storm main phase, the ring current begins to develop on the nightside and the outer layer of the plasmasphere is eroded, resulting in a shrinking of the plasmasphere (Figure 9b ). The eroded plasma drifts sunward and is drained away with formation of the plasmaspheric plume in the afternoon to dusk sectors [Darrouzet et al., 2009; and references therein] . The oxygen torus is also expected to be eroded and shrunk. If the strong convection causes a rapid drainage of the dayside portion of the oxygen torus, it may be deformed as shown in Figure 9b . It is possible during the storm main phase that the magnetic fiel dipolarization occurs in the ring current region (L∼3.5-5.0) and accelerates locally existing thermal O + ions to the ring current energy [Nosé et al., 2010] . Thus, in Figure 9c , thermal O + ions in the deformed oxygen torus on the nightside will be accelerated by the magnetic fiel dipolarization. Consequently, the O + -rich ring current is formed and the oxygen torus is diminishing. After a storm peak, the ring current starts to become axially symmetric and the contracted plasmasphere gradually expands due to the cold plasma replenishment (Figure 9d ). The time scale of this replenishment has been estimated to be <28 hrs at L=2.2-3.7 [Reinisch et al., 2004] , and 2-3 days at L=2.3-2.6 and >4 days at L>3.3 [Obana et al., 2010] . Therefore, a few or more days later, in late recovery phase, the plasmapause encounters an inner portion of the symmetric ring current (Figure 9e ). The heating process of the plasmaspheric electrons, which was discussed in section 6.2, takes place, leading to heat fl w into the underlying ionosphere ( Figure  9f , pink arrows). The heat fl w increases the temperature of the ionospheric plasma, and then the scale height of ionospheric ions becomes larger. This causes outfl w of O + ions from the ionosphere to the inner magnetosphere (Figure 9f , green arrows). Since the O + outfl w occurs in a limited radial distance range, where the expanded plasmasphere meets the inner portion of the ring current, these O + ions forms a torus. Then the oxygen torus is created again in the vicinity of the plasmapause (Figure 9a) . We attribute the O + -rich ring current formation to interactions among these 3 elements (i.e., the oxygen torus, the plasmasphere, and the ring current) in this cycle.
Note that the recurrent process discussed above is rather a conjecture based on results from both present and previous studies. Future satellite missions such as the Energization and Radiation in Geospace in Japan and the Radiation Belt Storm Probe in the United States would provide chances to evaluate the conjecture.
Summary
This study aims to search for enhancements of O + ion density in the deep inner magnetosphere, that is, the oxygen torus, by using the magnetic fiel data and the plasma wave data obtained by the CRRES satellite. We fin 4 events on the dayside and flank sides in which toroidal standing Alfvén waves appeared clearly. From the frequency of the fundamental mode waves, we estimate the magnetospheric local mass density (ρ L ) by solving the MHD wave equation in the Tsyganenko 1989c magnetic fiel model and the mass density distribution model. We also estimate the local electron number density (n eL ) from the plasma wave spectrograms by identifying narrow-band emission at the upper-hybrid resonance frequency. Assuming the quasi-neutral condition of plasma, we infer the local average ion mass (M L ) by ρ L /n eL .
From the profil of n eL , we identify the plasmapause at L=4.6-5.0 (event 1), L=3.5-4.3 (event 2), L=3.4-3.6 (event 3), and L=5.4-6.1 (event 4). M L is found to be approximately 3 amu well outside these plasmapause (i.e., in the plasma trough). However, M L shows an enhancement of 7-18 amu in the vicinity of the plasmapause, that is, L∼5.0-5.2 (event 1), L∼4.5-4.8 (event 2), L≤5.6 (event 3), and L∼5.0-6.5 (event 4). These enhancements of M L in a limited L range indicate the existence of the oxygen torus. Inspection of the Dst index for these 4 events reveals that the oxygen torus is likely to be observed during the late recovery phase or at the end of magnetic storms. The features of the oxygen torus found in this study are quite consistent with those reported by previous studies employing DE-1/RIMS, regarding its radial and MLT distribution, ion composition, and dependence on geomagnetic condition.
Finally, we discuss the oxygen torus in the context of a possible source of the O + -rich ring current. The oxygen torus exists in the deep inner magnetosphere (L∼3.0-5.0) during the late recovery phase or quiet time. When magnetic storms are initiated, magnetic fiel dipolarization can occur even in deep inner magnetosphere, resulting in local and nonadiabatic acceleration of thermal O + ions in the oxygen torus [Nosé et al., 2010] . The accelerated O + ions contribute to the ring current and create the O + -rich ring current. During the storm recovery phase, the plasmasphere expands and encounters the inner portion of the ring current. Coexistence of energetic ring current ions and cold plasmaspheric plasma leads to the Coulomb collision or excitation of the ion cyclotron wave followed by the Landau resonance interaction. In either case, energy transfer from the ring current ions to thermal plasmaspheric electrons takes place. The heated electrons cause increases of the temperature and the scale height of the underlying ionosphere. Thus a large number of O + ions fl w out from the ionosphere and form the oxygen torus in a limited L-shell where the ring current and the plasmasphere coexisted. The above process returns to the starting point, that is, the oxygen torus during the late recovery phase or quiet time. Therefore we think that the O + -rich ring current formation is a recurrent process, in which the oxygen torus, the plasmasphere, and the ring current interact with each other (see Figure 9) . 
